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ABSTRACT

Aerodynamic characteristics were investigated for a 0. 355-scale
model of the Apache sounding rocket at Mach numbers 2 to 6. Free-
stream Reynolds number, based on model length, was varied between
6.5 x 106 and 23. 9 x 106, and angle of attack varied from -5 to 15 deg.
The model was tested without fins at spin rates up to 4, 000 rpm and
with fins at cant angles of 0, -1, and ±2 deg, which produced spin rates
ranging from about -3200 to 3200 rpm. Tests of the complete spinning
model showed significant changes in side loading with angle of attack,
Mach number, and Reynolds number. Tests of the model with and
without fins allowed a degree of accessment of the relative body and
fin Magnus contributions. Tests of the nonspinning model with and
without fins showed significant side loads attributed to steady asym-
metric leeward vortex patterns.
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SECTION I

INTRODUCTION

The Nike-Apache or Nike-Cajun (the Apache and Cajun are geo-
metrically similar) is a two-stage, solid-propellant, rocket vehicle,
jointly developed by NASA and University of Michigan as a meteoro-
logical sounding rocket system. These rocket systems have been
successfully used in free-flight investigations to measure atmospheric
densities, winds aloft, and to photograph hurricanes. These missions
were successful as long as the vehicle had a reasonable static margin
and flew zero lift and nonspinning trajectories. Some systems were
spun up during fWIt either to satisfy payload requirements or for
range safety reasons, and some of these flights resulted in the Apache
vehicle experiencing angular motions which were unexpectedly large.
For example, some vehicles went unstable and coned through large
angles; others had their flights terminated abruptly because of struc-
tural failure. As a result of these flights, the roll characteristics of
the Apache were investigated and are reported in Ref. 1.

Personnel at the Air Force Armament Laboratory initiated this
test program to obtain the Magnus characteristics of the Apache to
use in a six-degree-of-freedom stability analysis being done for them
by the Notre Dame Aerospace Department.

Force data were obtained on the 0. 355-scale Apache model at
Mach numbers 2, 3. 4, 5, and 6 at Reynolds numbers (Ree) ranging
from 6. 5 million to 23.9 million. The angle-of-attack range was from
-5 to 15 deg. The model was tested with and without fins, and the spin
rate varied between 0 and approximately 4, 000 rpm.

SECTION II
APPARATUS AND k kOCEDURE

2.1 WIND TUNNEL

runnet A Is a continuous. clom ed-circuit, variable denmity wind
tunnel .'ith an automatically driven flexible -plito-typo nozzle and a
40- by 40-in. trot srvt.tio. The tuntl vanl 1t, operated st Mnch twin -
brq frm t1. 5 to. I :t maximum ittnLit ltlt; e1wesurt-es fv'om 2) t, 200 psia,

t-tivy# ond -4tagnolon utiMp Lo' 75 (M. t-l|C0, Mini-
MWI)1 (Ifr'rAI.It~igp ' mtt,~&s fr'om tit.out one vIrtth !o one -twonrtieth of
Itl rnoximifil 1 r e ch M';Ivh n h',
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2.2 MODEL

The 0. 355-scale Apache model (Fig. 1, Appendix I) was deigned
and built at the von Karman Gas Dynamics Facility (VKF) and is essen-
tially an ogive-cylinder with cruciform 53-deg swept fins mounted at
the model base and has a fineness ratio of 24. '8. Model details are
given in Fig. 2.

The model was mounted on two ball bearings with their inner races
fixed to an inner shell that was attached to the balance forward taper.
The model was tested with and without the fins. The model spin rates
for the fins-on were obtained by canting the fins at angles of 0, -1, and
±2 deg. The model spin rates for the no-fin configuration were obtained
by directing jets of nitrogen on the model base which was machined with
small slanted cups for spinning. All model configurations were dynam-
ically balanced at the VKF.

2.3 FORCE BALANCE

The VKF four-component balance shown in Fig. 3 was used for the
tests. The small outrigger side beams of the balance, with semicon-
ductor strain gages, were used to obtain the sensitivity required to
accurately measure small side loads while maintaining adequate balance
stiffness for the larger pitch loads. When a yawing moment is imposed
on the balance, secondary bending moments are induced in the side
beams. Thus, the outrigger beams act as mechanical amplifiers, and
a normal-force to side-force capacity ratio of 20 was achieved for a
500-lb normal-force loading. Before the tests, a range of static loads
was applied to the balance to simulate the model loads anticipated
during testing. All balance components were loaded simultaneously,
and a range of uncertainties in measurement was determined from the
differences between the applied loadings and the values calculated by
the balance calibration equations used in the final data reduction. Listed
below are the ranges of static loads applied and the corresponding un-
certainties for the balance components loaded singly and simultaneously:

Balance Range of Range of
Component Static Loadings Uncertainties

Normal Force, lb 25 - 200 0. 7 - 0. 7
Pitching Moment, in. -lb 250 - 1000 4 - 4
Side Force, lb 1 - 6 0.015 - 0.015
Yawing Moment, in. -lb 3 - 24 0. 035 - 0.10

2
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2.4 TEST PROCEDURE AND CONDITIONS

For the zero spin data, the model was locked (0 = ) by pinning the
outside shell of the model to the fixed inner shell. When the model was
tested with the canted fins, it was allowed to free spin at its steady-
state value. Up to five data points were taken at each angle of attack
when the model was spinning, whereas two or three data points were
usually taken with the model locked (zero spin). The numerous data
points were taken to average the scatter encountered because of model
vibration and the small magnitude of the side forces.

For the no-fin spin data, the model was prespun by two nitrogen
jets acting on machined cups in the model base. When the desired speed
(approximately 4, 000 rpm) was reached, the nitrogen supply was cut off,
and data were recorded as the model spin rate decayed. Model spin
rates were monitored using a photo cell-diode tachometer mounted in-
side the model.

The tunnel and test conditions are listed in Table I, Appendix II.

SECTION III
RESULTS AND DISCUSSION

Spinning canted fin models are normally subject to Magnus effects
primarily caused by the body, blanketing of the leeside fin, and the
couple created by the axial components of the normal forces on the fins.
Explanations of these different types of Magnus effects are found in
Refs. 2, 3, 4, and 5. Both the body Magnus force and canted fin
blanketing Magnus force produce negative side forces for positive spin
direction and angles of attack. The couple created by the axial com-
ponents of the normal forces on the fins produces a negative yawing
moment for positive spin direction and angle of attack.

In 1966, a wind tunnel program investigating the Magnus effects on
the Tomahawk vehicle was conducted. The Tomahawk is a 23. 3 fineness
ratio sounding rocket with cruciform fins and is very similar to the
Apache vehicle of this investigation. In the Tomahawk program, it was
dei .imined that, as the angle of attack was increased, the leeward wake
be, ime characterized by a steady asymmetric vortex shape that pro-
duced side forces and moments on the model for the no-spin condition.
Also, it was found that the asymmetric leeward wake could cause the
side force and moment curves for opposite directions of spin not to be
mirror images with variation in angle of attack. In the Tomahawk tests,

3
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the asymmetric wake effects were thoroughly investigated, and the com-
plete results are presented in Ref. 2 along with the findings of other in-
vestigators pertaining to asymmetric wake effects. Since the Apache
model of the current tests is so similar to the Tomahawk, similar
trends in the data were expected.

As discussed earlier in Section 2. 4, up to five data points were
taken at each angle of attack to minimize extraneous points. All of the
data points were plotted, and a weighted fairing was made through the
data. The weighted data are presented in this report.

In Fig. 4, the variations in the side-force coefficient, Cy, and
yawing-moment coefficient, Cn, with angle of attack for the zero spin
condition, fins-on at zero cant angle (6 = 0, M. = 2 through 6), and
fins-off (M 0 -- 3, 4, and 5) are presented for each of the Reynolds num-
bers tested. The data indicate the presence of the asymmetric vortex
pattern mentioned earlier and discussed in detail in Ref. 2. The data
indicate that the magnitude of the effect of the asymmetric vortex pat-
tern was reduced at the higher Mach numbers and also was lower at the
higher Reynolds numbers for any one Mach number. This reduction
with Mach number was also noted by C -wen (Ref. 6) and by Uselton
(Ref. 2).

The variations of spin rate, p, and spin parameter, pd/2V0 , with
angle of attack are given in Figs. 5 and 6, 'respectively, for the various
fin cant angles and Mach numbers. There was no notable change in the
spin rate between the Reynolds numbers at any one Mach number; and,
therefore, only one set of data at each Mach number is presented.
Throughout the report the data obtained with the model spinning will be
identified by the fin cant angle, and the reader may refer to Fig. 5 to
determine the spin rate. The spin rate was near constant over the
angle-of-attack range tested for most of the configurations, and no
analysis of any of the small variations was attempted since no attempt
was made to monitor the bearing friction or to hold it constant.

In Fig. 7, the variations of Cy and Cn with angle of attack are pre-
sented for fin cant angles of 0, -1, -2, and 2 deg at M. = 3, 4, and 5.
There are several interesting points to be noted in these data. First,
the data (6 = 2 and -2 deg) are very symmetric about the a axis at the
lower angles of attack. At the higher angles of attack where the zero
spin data are affected by the asymmetric vortex pattern, the spin data
in some cases are not symmetric for the two different spin directions.
This is especially apparent in the M,, = 3 yawing-moment data (Fig. 7a)
where the data are symmetric to approximately a = 6 deg, and then the
-2-deg canted fin data breaks downward in a similar manner to the
+2-deg data.

4
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A second notable characteristic of these data is the nonlinearity

exhibited in the yawing-moment curve at M. = 4.01, Reg = 10 x 106 at

the low angles of attack (a - ±3 deg). The sharp slope reversal is well

defined and symmetrical for positive and negative angles of attack for

both spin directions. This effect is also present, but not as pronounced,

in the M. = 2.99, Ret = 15.4 x 106 and M. = 5.04, Ret - 11.9 x 106

data. Since on a free-spinning canted fin model the Magnus force or

moment from the fins could cause a nonlinearity at the lower angles of

attack (Refs. 2 and 3), one might suspect this to have been the cause of
the slope reversal in the data. However, it will be shown later that
this effect was not dependent on the fins.

Another interesting feature of the data in Fig. 7 is the sign change
in the yawing moment between M. - 5 and 3. The data show, for
example, a positive Cn for 6 a 42 deg at M. a 5 (Fig. 7c) and a nega-
tive Cn for 6 a o2 deg at M. s 3 (Fig. 7a). This effect was possibly
caused by the fin normal-force couple and/or the body Magnus force
(with its more forward center-of-pressure location) becoming more
dominant at the lower Mach numbers.

The spin effects can he seen more clearly in Fig. 8 where the
variations of aCy/2 and ACnI2 with angle of attack are presented for
Me a 3, 4. and 5. The local slope reversals in the yawing-moment
coefficient curve at Ma - 4.01, Rej s 10 x 106, and M., 3. previously
discussed, are easily seen. Also, the data show the sign change in the
slope of the yawing-moment coefficient curve between M. 3 and 4.
The Reynolds number effect is more pronounced at Me ,

The effects of the fins on the side-force and yawing-moment varia-
tions with angle of attack for the spinning model are shown in Fig. 9.
The data for the no-fin model are presented at a spin rate equivalent
to that for the fins-on configuration at 6 a -1 and -2 deg. The data are
presented for M, = 3. 4, and 5. The fin effects are different for the
three different Mach numbers. At M. - 4, the data for the fins-on and
fins-off conditions are similar and, thus, indicate that the body Magnus
force is predominant. Also, since the spin rate is negative, the body
Magnus force and canted fin Magnus force (from blanketing the leeside
fin, Refs. 2 and 3) should be positive, which the data show.

The M,* = 5 data of Fig. 9 also show the currect direction for the
Magnus force. However, the magnitude of the no-fin data is low com-
p:-ed to that of ,he fins -- n r!.ia. thus indicatin- at =5 'hat the body
Magnus force is low. The fin Magnus :'orce caused by biar,::eting the
leeside fin (Refs. 2 and 3) will first increase with angle of attack and
then decrease back toward zero. The leeward fin should be enclosed

5
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by the wake at a relatively low angle (a < 10 deg). Since the data at

XMD = 5 indicate that the classical body Magnus force was low and since

the force from the leeside fin, being blanketed, should approach zero
at a = 10 deg, the fin data, because of the cuntiv'ued increase in magni-
tude with angle of attack, indicate another type of Magnus force. This

continued increase in the side force and moment is believed to have
been caused by the interaction of the fins with the body vortex system.

At M® = 3 (Fig. 9), the data indicate both body and fin Magnus
force and moment contributions. The substantial differences in the
yawing moment, while the side force trends are similar, suggest
strongly the importance of the moment created by the axial components
of the fin normal forces since this effect produces only a yawing couple
and no side force.

As discussed earlier and shown in Fig. 7, the M. = 4. 01,
Rej = 10 x 106 data show a sharp slope reversal occurred at a = ±3 deg.
The suspicion that this was caused by the blanketing of the leeside fin
is proved incorrect since the data of Fig. 9 show that a similar trend
exists for the no-fin configuration.

The variations of Cy and Cn with spin rate for the fins-off configu-
ration are shown in Fig. 10 for M0 = 3, 4, and 5. Since these data are
for the body alone, they indicate solely the body Magnus force and
moment. The data show a decrease in the body Magnus force with in-
creasing Mach number; and at M. = 5, as noted earlier in Fig. 9, the
body Magnus force and moment is small. The data indicate an increase
in the dependence of the coefficients on rpm (p = 1500 to 4000 rpm) as
the angle of attack is increased up to the higher angles. At the higher
angles, the data show almost no dependence on the rpm. To understand
this phenomenon, one must consider the zero spin data which show side
forces and moments at the higher angles caused by the asymmetry of
the leeside flow pattern. At the higher angles of attack, the leeward
wake becomes asymmetric for vehicles of this type (high fineness ratio)
regardless of spin rate. Therefore, at these higher angles of attack,
the spin will influence the direction of the leeside wake asymmetry, but
will not greatly affect the amount.

The variations of the normal-force and pitching-moment coefficients
with angle of attack are presented in Fig. 11 for the fins-on configura-
tion and in Fig. 12 for the fins-off configuration. The data are shown
only for the zero canted fins to maintain clarity since it has been re-
ported previously (Refs. 2, 7, and 8) and substantiated by the data ob-
tained in this test that there is no discernible effect of spin on the
normal force and -pitching moment for the spin rates of the magnitudes
of this test.

6
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The fins-on data (Fig. 11) show the normal force and restoring
moment to decrease with increasing Mach number. A theoretical
calculation of CN and Cm, using the method of Allen and Perkins
(Ref. 9) for the body and an equivalent two-dimensional analysis (Ref. 10)
on the fins, is included with the data. The theory is seen to be particu-
larly good at the lower angles of attack.
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